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[1] Strongly underwound magnetic field is observed to be
correlated with the occurrence of co-rotating rarefaction
regions (CRRs). We demonstrate that the phenomenon is
likely caused by the combined action of (1) the motion of
footpoints of open magnetic field lines on the Sun from
within to outside coronal hole boundaries; and (2) the
effect of solar wind shearing in rarefaction regions. We
provide formulas that may be used to relate the observed
underwinding of magnetic field lines in CRRs to infer the
velocities of footpoints through coronal hole boundaries.
The observations of strong field underwinding in CRRs
generally confirms the hypothesis that the footpoints of
open magnetic field lines move on the Sun through
coronal holes, the sources of fast solar wind. INDEX
TERMS: 2134 Interplanetary Physics: Interplanetary magnetic
fields; 2102 Interplanetary Physics: Corotating streams; 2169
Interplanetary Physics: Sources of the solar wind; 7511 Solar
Physics, Astrophysics, and Astronomy: Coronal holes; 7524
Solar Physics, Astrophysics, and Astronomy: Magnetic fields
1. Introduction
[2] Parker [1963] derived the heliospheric magnetic
field pattern, a so-called Parker Spiral, based on the
concept that magnetic field lines are rooted at the Sun
which rotates bodily and are frozen into the supersonic
flow of the steady, radially directed solar wind. The basic
prediction of the theory is that the magnetic field lines
form a spiral on cones of constant latitude, with the
magnetic field given by Bp ¼ BB RBr
 2
êr  r sin V ê
 
where BB is the radial magnetic field strength of open
magnetic flux on the Sun on a surface where the magnetic
field first achieves a uniform magnetic pressure, RB is the
radial location of the surface,  is the bodily rotation rate
of the Sun, êr is the unit vector in the radial direction, êf is
the unit vector in the azimuthal direction, the radial solar
wind speed is given by V, the heliocentric radius is given
by r, and q is the co-latitude. The spiral angle, the angle
relative to the radial direction, is readily computed and is
about 45 near 1 AU in the ecliptic, beyond which the
field becomes more strongly azimuthal.
[3] It is well known that magnetic field measurements by
spacecraft generally agree with the predictions of Parker
[1963] as reviewed by Ness and Burlaga [2001] and
discussed by many other authors [e.g., Thomas and Smith,
1980; Burlaga et al., 1982; Forsyth et al., 1996a, 1996b;
Bruno and Bavassano, 1997]. It is less well known, how-
ever, that the mean spiral angle deviates strongly in the
radial direction inside large scale Corotating Rarefaction
Regions (CRRs) [Smith et al., 2000; Murphy et al., 2002]
which co-rotate with the Sun, are characterized by a
monotonic decrease in solar wind speed, and map back to
regions of small longitudinal extent on the Sun, termed
‘‘dwells’’ [Schwenn, 1990]. Posner [1999] attributed this
effect to the combined action of footpoint motion and super-
expansion of the wind from coronal holes. Jones et al.
[1998], for example, report on extreme cases in which
heliospheric magnetic fields detected by Ulysses are nearly
radial and finds that a significant number of the cases were
accompanied by a monotonic decrease in solar wind speed
(i.e., rarefaction regions) which map back to dwells.
[4] These observations call for a revision to the Parker
field model. It is the purpose of this paper to provide a
simple model that shows that magnetic fields may strongly
deviate from a standard Parker magnetic field due to the
combined effects of (1) footpoint motion of open magnetic
fields on the Sun from within to beyond coronal hole
boundaries, and (2) the shearing of the solar wind flow in
rarefaction regions.
2. Theory
[5] There are a number of ways to cause deviations of
the field from a standard Parker spiral and it may be
worthwhile to rule some out of these possibilities. First of
all, consider the case that footpoints of the open magnetic
field are rooted on the Sun and rotate bodily with the Sun
at the rotation rate,   2p/26 day1. There exists a
frame of reference that rotates with the Sun in which the
magnetic footpoints of the open magnetic field remain
stationary. If we denote the flow velocity of the solar
wind in an inertial reference frame by V, then the solar
wind velocity in the co-rotating reference frame is,
V0 ¼ V r sin qð Þêf, where r is the heliocentric radius,
q is the co-latitude, and êf is the unit vector directed in
the azimuthal direction. Assuming the magnetic field is
parallel to the flow velocity near the Sun, it must be
parallel to the flow velocity V0 throughout the heliosphere.
Since the magnetic field does not change upon trans-
formation from the co-rotating frame to the inertial frame,
the vector V0 defines the direction of the magnetic field in
both frames. Since the local velocity V can be directly
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measured, the direction for the magnetic field can be
unambiguously predicted. The essential point is that the
observations indicate strong deviations of the local mag-
netic field direction from the direction indicated by V0.
Since the locally measured solar wind velocity V can be
used in the analysis of the data, the analysis may
implicitly takes into account the possibility of variations
in the speed and velocity from the point of origin to the
point of observation. The analysis then if properly con-
ducted rules out the possibility that magnetic footpoints
rotate rigidly with the Sun [Murphy et al., 2002].
[6] The next possibility to consider is the effect of
motions of magnetic footpoints on the Sun. In particular
consider the case in which the solar wind velocity is
uniform and radial in the inertial frame, and the magnetic
footpoints move on a surface where the magnetic field first
achieves magnetic pressure balance. This effect was first
considered by Fisk [1996], as illustrated in Figure 1. The
essential assumption made here is that coronal holes rotate
rigidly, while the underlying open magnetic field footpoints
undergo differential rotation. As shown in the figure, when
the coronal hole’s symmetry axis is offset from the rotation
axis (or, more generally, if the coronal hole boundary does
not exist at a unique solar latitude), then the footpoints of
open magnetic field lines move beyond the coronal hole
boundary at its trailing edge.
[7] We will then take velocities of magnetic footpoints,
u? ¼ wq RB êq þ wf RB sinq êf; on a surface where the mag-
netic field has achieved a uniform magnetic pressure with
radial field strength BB at radial location RB 
 10 R. The
footpoints move under the influence of this velocity field
(u?) within the spherical surface as is illustrated by the red
curves on the outer surface in Figure 1. The resulting field
















Note that the effect of the motions on the surface at r = RB is
to cause systematic deviations of the field from the radial
solar wind flow velocity. Equivalently, it may be argued that
deviations of the magnetic field from the solar wind direction
would cause deviations of the magnetic field throughout the
heliosphere. These points of view are in fact equivalent:
deviations of the field from the radial flow direction neces-
sitate footpoint motions on a surface at fixed radius.
[8] Consider then a specific example that is comparable
to the observations reported by Murphy et al. [2002]. We
will take a solar wind speed V = 600 km/s and a 20
latitude (co-latitude of 70). Differential rotation within the
polar coronal hole yields a rotation rate w  /5.
Consider an open flux tube that originates near the trailing
edge of a coronal hole and has a footpoint velocity on the





=10. These resulting footpoint motions are
comparable to those that would arise on the trailing edge
of the coronal hole boundary (on the outer surface) shown
in Figure 1. Deviations of the magnetic field due to these
footpoint motions alone would cause a departure of the
magnetic field from a standard Parker spiral (computed
with the rotation rate ) of about 3 if we take a radial
distance at 5 AU. To make matters even worse, the
departure angles of the field diminish at larger distances
from the Sun. In order to explain the large deviations of
the magnetic field, of order 10, we would require very
large footpoint rotation rates wf 
 0.4 . It has been
pointed out by Fisk et al. [1999] that footpoints may in
fact move rapidly in the slow wind region when the
current sheet is strongly tilted. Although, these effects
cannot be completely ruled out as the cause of the strong
field deviations, we suggest that it is not a likely explan-
ation, particularly considering the frequent concurrence of
rarefaction regions and strong field departures.
[9] The final case to be considered here is the effect of
the sheared solar wind flow in the rarefaction region
combined with the effect of footpoint motion on the
Sun. Consider then a boundary between fast and slow
solar wind near the trailing edge of a polar coronal hole
that occurs at a position (q0, f0) in co-latitude and azimuth
on the outer surface where the field first achieves pressure
balance. We consider that a magnetic footpoint moves
from coordinates (q0  dq0/2, f0 + df0/2) inside the
coronal hole associated with faster solar wind to the
coordinates (q0 + dq0/2, f0  df0/2) outside the coronal
hole boundary where the wind is slower. Hence the
magnetic footpoints move across the coronal hole boun-
dary from fast solar wind with speed V + dV/2 to slow
solar wind with speed V  dV/2 over a time interval dt (the
quantities df0, dq0 may be taken to be arbitrarily small so
as to bound a specific region with a speed gradient and an
average speed V; for purposes of clarity we take this
region to bound the coronal hole boundary). Note here
that the angular separations of the rarefaction regions are
readily related to the footpoint angular rotation rates:
Figure 1. An illustration of the motions of the open
magnetic field in the solar corona, Fisk et al. [1999];
Schwadron et al. [1999]. The figure is drawn in the frame
corotating with the equatorial rotation rate. The ‘‘M’’ axis is
the axis of symmetry for the expansion of the magnetic field
from the polar hole. The ‘‘’’ axis is the solar rotation axis.
The green lines are open field lines, with ‘‘p’’ the field line
that connects to the heliographic pole. The red curves are
the trajectories of the field lines, the motion of which is
driven by differential rotation of the photosphere, which
takes footpoints beyond coronal hole boundaries (shown
here by the thick black curves). The blue curve on the outer
surface shows the current sheet location.
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df0 ¼ wfdt; dq0 ¼ wqdt: Since the speed is observed to
monotonically decrease in CRRs, the plasma in the rar-
efaction region can be taken to propagate ballistically.
Hence the streamlines from the rarefaction region strad-
dling the coronal hole boundary are readily computed. In
the reference frame that co-rotates bodily with the Sun at
the equatorial rotation rate, the azimuthal angle of the
plasma parcel from inside the coronal hole boundary is
given by ff tð Þ ¼ f0  df0=2
rf tð Þ
VþV=2 ; where rf (t) is the
heliocentric radius of the ballistically propagating plasma
parcel, rf tð Þ ¼ RB þ V þ V=2ð Þ t þ t=2ð Þ: Similar rela-
tions are easily written down for the plasma parcel emitted
from the position beyond the coronal hole boundary. The
co-latitude of the parcels inside and beyond the coronal
hole boundary remain fixed as the parcels propagate out-
wards. The angular separations and radial separation of the
emitted plasma parcels are then readily computed and
provide the direction of the heliospheric magnetic field,
B1, in the rarefaction region:

















where A1(r) is an amplitude factor of the field in the
rarefaction region. Note that in this equation, the solar wind





r ¼ u?  rBV where rBV indicates the gradient of the
solar wind velocity in the outer surface where the field
achieves magnetic pressure balance.
[10] The field angles are readily computed from (2).
Consider a specific example for the parameters listed
above with a net decrease in speed of 300 km/s across a
region of 5 longitudinal extent, so that the speed gradient
in the rarefaction region is given approximately by dV/df0
= 60 km/(s-deg). In Figure 2, we show equatorial
projections of the streamlines and field line segments in
the CRR out to 10 AU. In Figure 3 we show the field
angles relative to the radial direction as a function of radial
distance. The angle y is the field direction relative to the
radial direction in the f  r plane and can be related by






V  r=Vð Þu?  rBV
: ð3Þ
Similarly, qr is the field angle relative to the radial
direction in the q  r plane. Hence, tan qr ¼ BBr ¼ wqr
r=Vð Þu?rBVþV : Note that these angles approach fixed
values for radial distances, r > V2/(u?  rBV ). Note also
that the phase of the field is fixed in the q  f plane, with
the angle relative to the azimuthal direction given by
tan qf ¼ BB ¼
wq
þwfð Þsinq:. The simple expression in (2)
provides us with a means to utilize observations of
magnetic field in CRRs to determine the precise nature –
magnitude and direction – of footpoint motions across
coronal hole boundaries.
[11] The amplitude factor A1(r) may be solved for by
insisting conservation of open magnetic flux. The mag-
netic field, Bch, in the region of fast solar wind can be
solved for is consistent with equation (3) with a fast solar
wind speed (V + dV/2). Given the direction of B1 from
equation (2), the conservation of open magnetic flux
requires that the magnetic field is continuous in the
direction perpendicular to the interface that separates
ambient fast solar wind and solar wind in the rarefaction
region. So denoting êI? the unit vector perpendicular to
Figure 2. The orientation of the magnetic field in
rarefaction regions. Streamlines are shown by the solid
spirals segments show the field orientation.
Figure 3. The field angles relative to the radial direction.
For details see Section 2.
Figure 4. The solid curve is the field magnitude in a
rarefaction region. Also shown are the field magnitudes in
the case of a Parker spirals and of pure footpoint motion (4).
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the interface, our requirement of magnetic flux conserva-
tion may be expressed, B1  êI? ¼ Bch  êI?: Our problem
then is reduced to solving for the unit vector perpendicular to
the interface. On the surface where the field has achieved
magnetic pressure balance at r = RB, we take an orientation
of the interface to be inclined by an angle CI relative to the
azimuthal direction: êI ¼ êq sinI þ êf cosI : The interface
is then defined by a vector in the direction of the fast solar
wind streamline and êI. The unit vector perpendicular to the
interface is given by
êI? ¼
r sinq sinI êr  V þ dV=2ð ÞcosI êqffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V þ dV=2ð Þ2þ r sinq sinIð Þ2
q
þ V þ V=2ð Þsin I êfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V þ dV=2ð Þ2þ r sinq sinIð Þ2
q : ð4Þ
Applying conservation of magnetic flux, we may then solve
for A1(r):



















where w? ¼ wq cosI þ wfsinq sinI is the rotation rate
on the surface at r = RB perpendicular to the interface in
the direction êI. Note that this defines the amplitude of the
field only at the interface. Within the rarefaction region, a
differential equation requiring a divergence-free magnetic
field is solved to determine the field strength. Generally
however, the magnitude of the field at the interface is
representative of the field magnitude at a given radial
location inside the rarefaction region. Figure 4 shows the
field magnitude at the interface for the physical scenario
described previously with CI = 20. Also shown are the
field magnitudes in the case of a Parker spiral, and of pure
footpoint motion (equation 3).
3. Conclusions
[12] We have shown that footpoint motion on the Sun
from inside to beyond coronal hole boundaries causes
magnetic fields in co-rotating rarefaction regions in the
heliosphere to become stretched due to connection of the
field lines across shearing solar wind streams. The conse-
quence is strongly underwound magnetic field in co-rotating
rarefaction regions. We have shown that observed properties
of the magnetic field in rarefaction regions may be related in
a simple way to the motions of magnetic footpoints on a
surface close to the Sun where the field first achieves
magnetic pressure balance. We have then the opportunity
to utilize in-situ observations of the heliospheric magnetic
field to infer the motions of open magnetic footpoints from
within to beyond coronal hole boundaries [Murphy et al.,
2002], and thereby test concepts outline by Fisk and
Schwadron [2001]. The observational concurrence of
strongly underwound magnetic field in rarefaction regions
generally supports these concepts.
[13] An assertion has often been made that the differences
between solar wind stream types occurs purely due to an
expansion effect: fast solar wind is formed on flux tubes that
undergo stronger flux tube expansion, whereas slow solar
wind also is formed from within coronal holes, but the
expansion is weaker [e.g., Wang and Sheeley, 1994]. The
motion of footpoints across coronal hole boundaries
described here implies that open magnetic flux is not
restricted to coronal holes, and therefore is not consistent
with the view that flux tube expansion alone accounts for
the differences between solar wind streams.
[14] Another consequence of the concepts put forth here
is the prediction that magnetic field should be strongly
underwound in the outer heliosphere at the latitudinal
boundaries separating fast and slow solar wind. This may
have important implications in particular for cosmic ray
drifts and the propagation of energetic particles.
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